The Smoothened gene is necessary for cells to transduce hedgehog signaling. Although we and others have previously shown that embryonic removal of Smoothened in the neural tube results in a loss of stem cells from the postnatal subventricular zone, it was unclear whether this reflected a requirement for hedgehog signaling in the establishment or maintenance of the adult niche. Here, we have examined the consequences of conditional removal of Smoothened gene function within the subventricular zone of the adult neural stem cell niche. We observe that both proliferation and neurogenesis are compromised when hedgehog signaling is removed from subventricular zone stem cells. Moreover, even after a 10 month survival period, the stem cell niche fails to recover. It has been reported that the adult subventricular zone quickly rebounds from an antimitotic insult by increasing proliferation and replenishing the niche. During this recovery, it has been reported that hedgehog signaling appears to be upregulated. When mice in which hedgehog signaling in the subventricular zone has been strongly attenuated are given a similar antimitotic treatment, recovery is limited to the reduced level of proliferation and neurogenesis observed before the mitotic insult. Furthermore, the limited recovery that is observed appears to be largely restricted to the minority of neural stem cells that escape the conditional inactivation of Smoothened gene function. These results demonstrate that ongoing hedgehog signaling is required to maintain adult neural stem cells and that their ability to self-renew is limited.
Introduction
Hedgehog (Hh) functions during mouse embryonic development to establish ventral patterning of the neural tube (Echelard et al., 1993; Ericson et al., 1995; Marti et al., 1995; Chiang et al., 1996; Kohtz et al., 1998; Ingham and McMahon, 2001; Rallu et al., 2002; McMahon et al., 2003; Fuccillo et al., 2004 Fuccillo et al., , 2006 . It is also required for neural precursor proliferation (Dahmane and Ruiz i Altaba, 1999; Rowitch et al., 1999; Wallace, 1999; Wechsler-Reya and Scott, 1999; Britto et al., 2002) , the maintenance of adult neural stem cells (Lai et al., 2003; Machold et al., 2003; Palma et al., 2005; Balordi and Fishell, 2007) and the migration of newborn neurons (Balordi and Fishell, 2007) .
Previous work has characterized the lineage progression in the subventricular zone (SVZ) (Doetsch et al., 1997 (Doetsch et al., , 1999a (Doetsch et al., ,b, 2002 Chiasson et al., 1999) . These studies have demonstrated that the periventricular slow dividing GFAPϩ cells (B cells) function as stem cells, which generate a transit-amplifying population (C cells) that in turn gives rise to young migrating neuroblasts (A cells). Previous studies (Machold et al., 2003; Balordi and Fishell, 2007) showed that when Smoothened (Smo), an obligate cellautonomous effector of Hh signaling , is conditionally removed from neural progenitors by embryonic day 12.5 (E12.5) (using a Nestin Cre driver line), there is no obvious effect on the SVZ at birth, suggesting that from E12.5 until birth Hh signaling is not required to maintain telencephalic progenitor proliferation. In contrast, during the first two postnatal weeks, neural progenitors within the SVZ become rapidly depleted. This suggests that after E12.5 Hh signaling is primarily important for the maintenance of the B cells and for regulating C cells proliferation. However it is still unclear whether Hh signaling is simply needed for the establishment of the adult stem cell niche or whether there is an ongoing requirement for it in the maintenance of stem cells during adulthood.
To address this question, we developed a tamoxifen-inducible Cre transgenic line (Nestin CreERT2 ) to conditionally remove Smo function from the adult niche. In these mice, compared with tamoxifen-treated controls, we observed a marked reduction in proliferation in the adult SVZ coupled with a significant decrease in the number of both transit-amplifying cells and neuroblasts. To test whether the self-renewal property of SVZ stem cells is also affected in these mice, we used the antimitotic compound AraC to kill the rapidly dividing C and A cells, while sparing quiescent neural stem cells (B cells) . We find that with removal of Smo function, B cells are severely impaired in their ability to replenish the SVZ niche. Furthermore, we show that the partial recovery that remains is mediated largely by the small fraction of SVZ progenitors that did not undergo recombination of the conditional Smo allele. These results demonstrate that adult B cells require functional Hh signaling for their maintenance. This study also reveals that wild-type stem cells have a limited ability to replenish the depleted adult SVZ niche, demonstrating that their in vivo self-renewing capacity is not unlimited.
Materials and Methods

Generation of the Nestin
CreERT2 transgenic mice. We generated a transgenic mouse line that expresses the T2 mutant form of a Cre recombinase-estrogen receptor fusion (Cre-ER T2 ) (Feil et al., 1997) under the control of the neural-specific Nestin enhancer (Zimmerman et al., 1994) . We modified the pUC plasmid "2 nd intron/TKlacZ" (Zimmerman et al., 1994) , in which the 1.8 kb genomic BstYI fragment containing nestin's second intron (rat) is inserted on the 5Ј side of a 160 bp herpes simplex virus TK promoter, followed by the lacZ cDNA and by a 250 bp SV40 polyA site. We subcloned the 2 kb EcoRI fragment of the pCre-ER T2 [also called pCre-ER(AA2)] vector (Feil et al., 1997 ) (kind gift from P. Chambon, Institut de Génétique et de Biologie Moléculaire et Cellulaire, Illkirch, France), containing the Cre-ER T2 cDNA, in the pUC plasmid "2 nd intron/TKlacZ," replacing the lacZ cDNA. To remove the pUC vector sequences for pronuclear injection, the plasmid was digested with SmaI and the insert was isolated by agarose gel electrophoresis. The entire Nestin CreERT2 transgene (4.2 kb) was purified and injected into the pronuclei of fertilized one-cell eggs from FVB/N strain. Potential founder animals were screened by PCR for Cre with the following primers: forward primer 5Ј-TAAAGATATCTCACGTACTG-3Ј and reverse 5Ј-TCTCTGACCAGAGTCATCCT-3Ј. The size of the PCR product is 280 bp. We generated four founder Nestin CreER lines, all of which had CreER expression that resembled the endogenous pattern of Nestin expression (data not shown). The transgenic line we ultimately selected to use in these experiments had an intermediate level of expression, as the strongest expressing line had a high degree of nonregulated recombination.
Reporter strains used. Rosa stop LacZ/ϩ mice reporter mice were the generous gift from P. Soriano (Fred Hutchinson Cancer Research Center, Seattle, WA) and genotyped as described previously (Soriano, 1999) . Rosa stop YFP/ϩ reporter mice were the generous gift from F. Costantini (Columbia University Medical Center, New York, NY) and genotyped as described previously (Srinivas et al., 2001) . Gli1
LacZ/ϩ mice were the generous gift from A. Joyner (Sloan-Kettering Institute, New York, NY) (Bai et al., 2002) and, when crossed to the conditional Smo mice, were genotyped with the following primers that recognize the LacZ from the Gli1 locus: forward primer 5Ј-CCAGTTTCTGAGATGAGGGT-TAGAGGC-3Ј and reverse 5Ј-ACGACTGTCCTGGCCGTAACC-GACCC-3Ј. The size of the PCR product is 850 bp.
Mice breedings. Mice were maintained and killed in accordance with the protocols approved by the Institutional Animal Care and Use Committee at the New York University School of Medicine.
The Nestin CreER allele was first crossed to Rosa stop LacZ/ϩ mice reporter mice to test the functionality of the CreER-mediated recombination induced after tamoxifen treatment and to assess the degree of background recombination, in absence of tamoxifen. The Nestin CreER allele was also crossed to Rosa stop YFP/ϩ reporter mice to assess whether cells undergoing recombination within the SVZ and SGL corresponded to proliferating cells.
Conditional (floxed) Smo mice (Smo c/c ) were a gift from Andrew McMahon (Harvard University, Cambridge, MA) and were genotyped as described previously (Lewis et al., 2001; Long et al., 2001 Adult mice were overdosed with anesthetic and transcardially perfused. Brains were removed and postfixed with 4% PFA in PBS. For frozen sections (12-20 m), brains were washed in PBS, cryoprotected in 30% sucrose/PBS, embedded in Tissue-Tek (VWR) on dry ice and cut on a Zeiss HM500 OM cryostat. For free floating sections (80 m), brains were washed in PBS and cut on a Leica (Bannockburn, IL) Vibratome 1000S.
Tamoxifen and bromodeoxyuridine administration. Tamoxifen (Sigma, St. Louis, MO) was prepared as a 25 mg/ml stock solution in corn oil (C-8267; Sigma) and was administrated either via oral gavage (only in Fig. 3 ) or intraperitoneal injections (in all other figures). Bromodeoxyuridine (BrdU; Sigma) was administrated intraperitoneally at 100 mg/g of body weight.
For embryonic analysis of Nestin CreER/ϩ ;Rosa stop LacZ/ϩ mice (see Fig.  2b ) one dose of 5 mg tamoxifen/35 g mouse was administered by intraperitoneal injection to the pregnant mouse at midday of the embryonic stage E12.5 (midday of the observed plug was considered 0.5 d postcoitus). Embryos were collected for analysis 1 d later.
For short-term adult analysis of Nestin CreER/ϩ ;Rosa stop LacZ/ϩ mice (see Fig. 2d ) 5 mg/35 g mouse were administered daily by intraperitoneal injection for three consecutive days and killed on the fourth day. For long-term adult analysis of Nestin CreER/ϩ ;Rosa stop LacZ/ϩ mice (see Fig. 3 ) one dose of 10 mg/35 g mouse was administered by oral gavage at P120 and mice were analyzed 3 d, 1 week, 1 month and 2 months later.
For adult analysis of Nestin CreER/ϩ ;Rosa stop YFP/ϩ mice (see Fig. 4 LacZ/ϩ were perfused intracardially with 0.9% saline and their brains were removed. The lateral walls of the lateral ventricle were dissected and the resulting whole mounts were fixed overnight in 4% PFA. After some washes in PBS, whole mounts were immersed in 100% methanol and 100% acetone for 30 min each at Ϫ20°C. Whole mounts were washed three times in PBS/0.5% Triton X-100, blocked in 10% donkey serum/PBS/0.5% Triton X-100 for 2 h at RT, incubated for 48 -72 h at 4°C with 1:1000 goat anti-Dcx antibody (C-18; Santa Cruz Biotechnology) in PBS/0.5% Triton X-100 and revealed with a secondary anti-goat peroxidase-coupled antibody (1:500; Vector Laboratories, Burlingame, CA). The staining was visualized with 0.02% diaminobenzidine (Vector Laboratories) in phosphate buffer (0.1 M, pH 7.4) and 0.01% H2O2. Images were obtained by bright-field photography on a Zeiss Axioskop using Spot Advanced software.
In situ hybridization. mRNA in situ hybridizations was performed as described previously (Wilkinson and Nieto, 1993) . RNA probes were labeled with digoxigenin and visualized with BM-Purple, according the manufacturer's instruction (Roche Biosciences, Palo Alto, CA). The cRNA probes used included Cre (kindly provided by A. Joyner) and Nestin.
To generate Nestin probes we linearized the IMAGE EST clone (6405026; Invitrogen) with BamHI and used T3 RNA polymerase to obtain antisense probe, alternatively we linearized with AseI or DraI and used T7 RNA polymerase to obtain sense probe.
Images were obtained by bright-field photography on a Zeiss Axioskop using Spot Advanced software.
␤-Galactosidase staining. Tissue sections were stained for ␤-galactosidase (␤-Gal) histochemistry using a solution containing: 0.1 M phosphate buffer, 2 mM MgCl 2 , 0.01% sodium deoxycholate, 0.02% NP-40, 5 mM K 3 Fe(CN) 6 , 5 mM K 4 Fe(CN) 6 , and 1 mg/ml X-Gal (5-(bromo-4-chloro-3-indolyl-␤-D-galactopyranoside; Fisher Scientific, Hampton, NH) at RT overnight. Stained tissue sections were then washed in PBS, counterstained with Fast Red, dehydrated, and coverslipped with Permount before brightfield photography on a Zeiss Axioskop using Spot Advanced software.
Cell dissociation and in vitro culturing. The telencephalic SVZ was dissected from adult Nestin CreER/ϩ ;Smo c/c and control (Smo c/c ) animals. Specifically, the SVZ was dissected away from postmitotic tissues using Lumsden bioscissors. The tissue to be dissociated was collected, minced, and incubated in papain (20 U/ml in EBSS, 1 mM cysteine, 0.5 mM EDTA) (Worthington Biochemical, Lakewood, NJ) at 37°C for 1 h. Ovomucoid inhibitor and albumin (both 10 mg/ml) were used to inhibit papain and 100 U/ml DNase was included. Samples were triturated using a firepolished Pasteur pipette. Cells were washed twice and resuspended in DMEM/F12 media (Invitrogen). Cells were transferred to 6-well dishes and cultured at clonal density (Ͻ1-2 cells/l) in DMEM/F12 media containing B27 supplement (Invitrogen), 2 mM glutamine (Invitrogen), 2 g/ml heparin (Sigma), 2 mM pen/strep (Invitrogen), 20 ng/ml FGFb (fibroblast growth factor basic) (Invitrogen), and 20 ng/ml EGF (epidermal growth factor) (Invitrogen). Primary neurospheres were isolated after 7-10 d of culture (Reynolds and Weiss, 1992) . These were then counted and collected individually for PCR analysis.
PCR genotyping of neurospheres. To detect the presence of the recombined allele we used the following primers: forward primer 5Ј-GGCCTGCGCTGCTCAACATGG-3Ј and reverse primer 5Ј-CCATCA-CGTCGAACTCCTGGC-3Ј. The size of the PCR product is 350 bp.
To detect the presence of the floxed allele (not recombined) we used the following primers: forward primer 5Ј-CCACTGCGAGCCTTTG-CGCTAC-3Ј and reverse primer 5Ј-GGCGCTACCGGTGGATGTGG-3Ј. The size of the PCR product is 350 bp.
Infusions. Cytosine-␤-D-arabinofuranoside (4% AraC; Sigma) in vehicle (0.9% saline) or vehicle alone was infused onto the surface of the brain of adult mice (4 months old) with a mini-osmotic pump (Alzet, Palo Alto, CA, model 1007D; flow rate 0.5 l/hr, 7 d). Cannulas were implanted stereotaxically onto the surface of the brain at the following coordinates: anterior (A), 1 mm; lateral (L), 0 mm; depth (D), 0.1 mm (relative to Bregma and the surface of the brain). This treatment produced no lesion on the ventricular cavities or in the SVZ. After 6 d of infusion, the pump was removed and mice were killed at the indicated survivals [n (mice) ϭ 3 for each survival].
Quantitation. Using MetaMorph software (Universal Imaging) the number of BrdU, ␤-Gal and Mash1 positive cells was counted in the SVZ. Three to five sections were analyzed per animal with a minimum of three animals.
Microsoft (Redmond, WA) Excel was used to compute the data and perform the statistical analyses.
Student's t test (one-tailed) was performed to calculate p values and to determine whether the results were significantly different.
Results
Generation of a Nestin
CreERT2 transgenic mouse line We generated a transgenic mouse line that expresses Cre-ER T2 (Feil et al., 1997) under the control of the neural-specific Nestin enhancer (Zimmerman et al., 1994) . We analyzed the pattern of expression of the transgene by in situ hybridization for Cre mRNA and compared it to the expression pattern of Nestin, in the subventricular zone. We found that transgenic Cre-ER T2 expression faithfully mirrored Nestin expression both embryonically and in adulthood (Fig. 1) .
We then tested the fidelity and functionality of the inducible Cre activity by crossing transgenic Nestin CreER mice to Rosa-26 reporter mice (Rosa stop LacZ/ϩ mice), which have a loxP-flanked stop cassette followed by the lacZ gene in the Rosa-26 locus (Soriano, 1999) . We observed that our transgenic line showed a relatively low rate of spontaneous recombination without tamoxifen induction, both embryonically and in adulthood (Fig.  2a,c,e) . In contrast, lacZ was broadly expressed in the SVZ of tamoxifen-treated embryos and tamoxifen-treated adult animals, indicating that tamoxifen can efficiently induce Cre recombinase activity in the SVZ at both ages (Fig. 2b,d ). We also observed Cre activity induction in the adult SGL (Fig. 2f ) .
Throughout adult life new neurons are continuously produced from the SVZ germinal centers and migrate through the rostral migratory stream (RMS) (Lois and Alvarez-Buylla, 1994; Lois et al., 1996) to reach their final destination, the olfactory bulb (OB) (Altman, 1969) . To test whether our transgenic approach could be used to visualize this continual production of new neurons, we gave one dose of tamoxifen to 4-month-old Nestin CreER/ϩ ; Rosa stop LacZ/ϩ mice and analyzed brains 3 d, 1 week, 1 month, and 2 months later. We observed a progressive increase over time in the number of ␤-Gal ϩ cells around the lateral ventricle, along the RMS and in the OB, as would be expected for postnatal SVZ neurogenesis ( Fig. 3a-l ) . Another germinal center where new neurons are continuously added throughout adulthood is the subgranular layer (SGL) of the hippocampal dentate gyrus (Stanfield and Trice, 1988; Markakis and Gage, 1999) : we also detected a progressive increase over time in the number of ␤-Gal ϩ cells in the SGL (Fig.  3m-p) LacZ allele, which provides a readout of the Hh pathway (Lee et al., 1997; Bai et al., 2002 Bai et al., , 2004 LacZ/ϩ mice and did not observe any difference in LacZ expression, as assessed through ␤-Gal histochemistry (supplemental Fig. 1a-c , available at www.jneurosci.org as supplemental material). Moreover no difference was observed in the general level of proliferation in the SVZ in vivo (supplemental Fig.  1d-f , available at www.jneurosci.org as supplemental material) and in the ability of the SVZ progenitors to give rise to neurospheres in vitro (supplemental Fig. 1g, LacZ/ϩ animals with tamoxifen starting at P60 (Fig. 5a ), we observed that Hh signaling was greatly reduced (by 72%), based on visualization of ␤-Gal histochemical staining (Fig. 5b-d) . To obtain a more direct assessment of the degree of recombination at the Smo locus in tamoxifen-treated Nestin CreER/ϩ ; Smo c/c mice, we dissociated the SVZ from these mice and grew them under in vitro conditions that promoted neurosphere formation. Based on PCR genotyping performed on individual neurospheres obtained from these mice, in 70% of cases genomic recombination of both conditional alleles of Smo were deleted (Fig. 5e) Fig. 5f-h) . Indeed, this mutant phenotype closely resembles that observed in our previous analyses (Machold et al., 2003; Balordi and Fishell, 2007) , where Smo gene function in the niche was removed by E12.5. In addition Nestin CreER/ϩ ;Smo c/c progenitors from the SVZ gave rise to fewer neurospheres (70% reduction) than controls (Fig. 5i) , again similar to our previous analysis (Machold et al., 2003) . Because the neurosphere assay is a measure of type C cells (Doetsch et al., 2002) , this result is consistent with the reduction in general proliferation assessed by BrdU pulse (Fig. 5f-h) . We also observed that in tamoxifentreated Nestin CreER/ϩ ; Smo c/c mice, the expression of Mash1 (C cell marker) (Parras et al., 2004) , Dcx (A cell marker) (Francis et al., 1999; Gleeson et al., 1999; Englund et al., 2002; Brown et al., 2003; Yang et al., 2004) and GFAP (B cell marker, but also marker of mature astrocytes; Doetsch et al., 1997 Doetsch et al., ,1999a is reduced (Fig. 6) Fig. 2b ", available at www.jneurosci.org as supplemental material, see also Fig. 5g ), whereas control mice do not (supplemental Fig. 2a ", available at www.jneurosci.org as supplemental material) (see also Fig. 5f ). The observation that controls (i.e., tamoxifen-treated Nestin CreER/ϩ ; Smo c/ϩ ; Rosa stop LacZ/ϩ mice) were normal demonstrates that the phenotype we observed was a result of loss of Smo gene function. Moreover, these results combined with the absence of apoptosis in either our control or mutant mice demonstrate that tamoxifen-induced activity of CreER from our Nestin transgene is not toxic in this context.
As shown earlier by PCR genotyping of individual neurospheres, some wt cells remain in the SVZ after tamoxifen treatment of the Nestin CreER/ϩ ; Smo c/c animals (Fig. 5e ). To ask whether these residual wt B cells could over time replenish the SVZ niche, we analyzed tamoxifen-treated Nestin 
Smo c/c ; Gli1
LacZ/ϩ mice (compare Fig. 5 , supplemental Fig. 3 , available at www.jneurosci.org as supplemental material). In addition, we again detected a reduction in the numbers of C, A and B cells (compare Fig. 6, supplemental Fig. 4 , available at www.
jneurosci.org as supplemental material).
Together, these data suggest that the proliferation of SVZ progenitors, the production of new neuroblasts and the number of SVZ stem cells are impaired in the absence of Hh signaling, and that once Hh signaling is removed, the adult SVZ niche undergoes an irreversible collapse in terms of its ability to generate new neurons. Previous data however suggest that there may be a more trivial explanation for the long-term defects we observed in conditional Smo knock-out mice. It has been observed that in some circumstances, wt cells undergo Cre-mediated DNA damage (Loonstra et al., 2001 ). This then could explain their impaired capacity for self-renewal. However, this possibility is ruled out by the observation that the stem cell niche in our tamoxifen-treated Smo c/ϩ ; Nestin CreER control mice was unimpaired (supplemental Fig. 2a ", available at www. jneurosci.org as supplemental material).
Replenishment of the SVZ stem cell niche is compromised in tamoxifentreated Nestin
CreER/ϩ ; Smo c/c mice after in vivo AraC treatment A previous study (Ahn and Joyner, 2005) , took advantage of a genetic fate mapping strategy (using a Gli1
CreER driver line; Ahn and Joyner, 2004 ) that allowed the fate of Hh-responding cells to be followed and demonstrated that Gli1ϩ quiescent neural stem cells self-renew and generate multiple cell types in vivo. They also examined the fate of these cells in the context of an AraC infusion treatment, an antimitotic reagent that effectively kills fast-dividing cells in the SVZ while sparing quiescent neural stem cells and postmitotic ependymal cells. They observed that Hh-responding (i.e., Gli1ϩ) cells that survive AraC infusion treatment are rarely dividing neural stem cells and respond to this insult by increasing cell proliferation and the production of transit-amplifying cells (Ahn and Joyner, 2005) . In this work, the authors however did not investigate whether this recovery was dependent on Hh signaling. To address this issue we examined whether this process of replenishment of the SVZ niche is altered in tamoxifen-treated Nestin CreER/ϩ ; Smo c/c mice. In our first set of control experiments, we performed AraC or saline treatment (Doetsch et al., 1999b) 
for 6 d on Gli1
LacZ/ϩ adult mice and analyzed the brains both soon after (time point referred to as t ϭ 0) and 1 week after pump removal (time point referred to as t ϭ 7) (supplemental Figs. 5a, 6a, respectively, available at www.jneurosci.org as supplemental material). As expected, at t ϭ 0 we detected a marked (70%) reduction in SVZ proliferation (supplemental Fig. 5b,d ,e, available at www.jneurosci.org as supplemental material) coupled with a dramatic decrease (80%) in the number of neurosphere forming cells (supplemental Fig. 5c ). We also observed that Dcx immunostaining was almost absent in AraC treated animals (supplemental Fig. 5f-i) . These observations confirmed that the osmotic pump treatment was successfully in ablating fast cycling cells C and A cells (Doetsch et al., 1999b) . Interestingly, the LacZ staining (indicative of Gli1 expression) was not affected (supplemental Fig. 5j ,k, available at www.jneurosci.org as supplemental material), confirming the notion that most of Gli1 expressing cells are slow cycling and thus resistant to antimitotic treatment (Ahn and Joyner, 2005) . When we analyzed the animals at t ϭ 7 after 1 week of recovery time, we noticed that SVZ proliferation (supplemental Fig. 6b,d ,e, available at www.jneurosci.org as supplemental material), number of neurospheres (supplemental Fig. 6c) , and Dcx immunostaining (supplemental Fig. 6f-i ) had returned to normal levels, suggesting that replenishment of the SVZ niche by the remaining B cells was effectively complete within a week of AraC treatment (Doetsch et al., 1999b) . Notably, the number of ␤-Gal positive mice are characterized by a marked (60%) decrease in proliferation in the SVZ (Fig. 5f-h ) and a corresponding reduction in their ability to generate neurospheres (70% reduction) (Fig. 5i) .
To test whether the spared SVZ progenitors were still able to replenish the SVZ niche after cessation of treatment with the antimitotic agent AraC, we challenged tamoxifen-treated Nestin CreER/ϩ ; Smo c/c mice and tamoxifentreated Smo c/c mice (controls) with the same antimitotic insult. Soon after the removal of the pump (t ϭ 0), both AraCtreated controls and conditional Smo null animals show a marked reduction in the general level of proliferation (Figs. 7a,b, 8a ) and in their ability to generate neurospheres (Fig. 8b) .
One week after pump removal (t ϭ 7), both controls and conditional Smo null animals treated with AraC recover to the level of proliferation seen before the antimitotic insult (Figs. 7c,d, 8a) . Similarly, one week after AraC treatment, the ability of both mutant and control SVZ progenitors to generate neurospheres recovers to that seen before the antimitotic insult (Fig. 8b) . However, the Smo conditional mice continue to show a decrease in SVZ proliferation (50% reduction) and in the ability to generate neurospheres (55% reduction), compared with the control group (i.e. 
; Gli1
LacZ/ϩ mice that received AraC treatment) both at t ϭ 0 and t ϭ 7 (Fig. 8c) . These results mirror the difference observed in Gli1ϩ cells in wildtype versus mutant animals before AraC treatment (t ϭ Ϫ7) (Fig. 8c) . Furthermore, Hh signaling remains extremely impaired in conditional Smo mice even after a recovery period of 1 month (t ϭ 30) (Fig. 8c) .
Together these data suggest that conditional Smo null animals are only partially able to replenish the niche, despite the residual presence of ϳ30% wild-type B cells (i.e., cells that failed to excise the conditional Smo allele after tamoxifen treatment).
The self-renewal property of SVZ stem cells in vivo is affected by the loss of Hh signaling
We wished to test directly whether this partial recovery was mediated by the spared SVZ B cells (ϳ30%) that did not undergo recombination of the conditional Smo locus (Smo c/c and Smo c/n ). We performed PCR genotyping on individual neurospheres (NSPHs) generated from tamoxifen-treated Nestin CreER/ϩ ; Smo c/c mice that received AraC treatment, at t ϭ 0 and t ϭ 7. We found that whereas soon after the removal of the pump the majority of the NSPHs were (Fig. 8d) . This analysis suggests that the partial replenishment of the niche observed in conditional Smo null mice after AraC treat- ment is performed by those B cells that did not undergo recombination of the conditional Smo locus (Fig. 9) . Collectively, the data suggest that the self-renewal property of SVZ stem cells in vivo is affected by the loss of Hh signaling during adulthood. Moreover, the remaining wild-type B cells cannot replace the lost B stem cell population.
Discussion
The present study examines the effects of the postnatal (P60) removal of Smo in the SVZ stem cell lineage. Having previously studied the consequences of embryonic (E12.5) removal of Hh signaling (Machold et al., 2003; Balordi and Fishell, 2007) , we wished to examine whether a similar reduction in SVZ proliferation occurs after removal of Hh signaling only after animals have reached adulthood. The Nestin
Cre/ϩ transgenics (Tronche et al., 1999; GrausPorta et al., 2001 ) used in our previous studies removed Hh signaling soon after the initiation of neurogenesis. Thus, the reduction in neural stem cells in the SVZ, as well as the concomitant increase in apoptosis could be an indirect consequence of removing Smo, although embryonic neurogenesis is still ongoing. Specifically it could reflect a requirement for Hh signaling in the establishment of the adult stem cell niche rather than a direct role in adult neurogenesis per se. Our results demonstrate that the requirement for Hh signaling in both stem cell maintenance and transitamplifying cell proliferation is conserved throughout adulthood.
Conditional removal of Smoothened gene function using a Nestin
CreER driver The advent of conditional null alleles combined with the availability of CreER, a tamoxifen-activated form of Cre, have lead to a large number of studies using these methods to remove gene function in a cell autonomous manner (Kuo et al., 2006) . Although in principal straightforward, such studies come with considerable caveats that need to be considered in both the design and interpretation of experiments. First and foremost, it is essential that Cre-mediated recombination does not significantly occur in the absence of tamoxifen-activation of CreER. In the case of a transgenic such as the Nestin CreER where expression of CreER persists for a prolonged period of time, the potential for nonregulated recombination, as well as the possible toxicity from the constitutive presence of CreER are concerns (Forni et al., 2006) . The transgenic line we used in these experiments had an intermediate level of expression, as the strongest expressing line had a high degree of background recombination.
Even given the high degree of fidelity in expression of our Nestin CreER transgene and the low degree of background recombination, it was essential to demonstrate that the adult SVZ niche was unimpaired. We observed normal proliferation in either noninduced Nestin
CreER ;Smo c/c (supplemental Fig. 1e, Hedgehog signaling is required for B cell maintenance in the adult SVZ Another group (Palma et al., 2005) previously addressed the requirement for Hh signaling in the adult SVZ niche using a pharmacological approach based on systemic injections of cyclopam- ) animals before the implantation of the pump (t ϭ Ϫ7), in AraC-treated controls and AraC-treated ko animals, soon after the removal of the pump (t ϭ 0), one week after pump removal (t ϭ 7) and 1 month after pump removal (t ϭ 30). d, Results of PCR genotyping performed on individual neurospheres obtained from tamoxifen-treated Nestin CreER/ϩ ; Smo c/c mice that received AraC treatment, at t ϭ 0 and t ϭ 7. Note that n/n means that both events of recombination occurred; c/n means that only one event of recombination occurred; c/c indicate that no recombination occurred within the Smo conditional alleles. In all panels t ϭϪ7 means without pump, t ϭ 0 means soon after pump removal and t ϭ 7 means 1 week after pump removal. Error bars represent SD. Statistics were performed by t test, p Ͻ 0.05. In a-c, n ϭ 3 animals each; in d, t ϭ 0, n(NSPHs) ϭ 480, 3 animals; t ϭ 7, n(NSPHs) ϭ 405, 3 animals.
ine, an Hh signaling inhibitor. This study showed that cyclopamine treatment results in a marked (50%) decrease of BrdU incorporation in the SVZ. However, this analysis had to be performed soon after the cyclopamine treatment, because of the short-term effect of the pharmacological treatment. This precluded any determination of whether there is an adult requirement for Hh signaling beyond simply acting as a mitogen. The genetic approach we undertook allowed us to irreversibly knock out Hh signaling in the adult brain and subsequently monitor the effects on the SVZ throughout the mouse's life. Our experiments extended our previous findings (Balordi and Fishell, 2007) by definitively demonstrating in the adult that the maintenance of B cells in the SVZ requires ongoing Hh signaling. Specifically, our work argues that the persistence of B cells in the adult SVZ stem cell niche is compromised when they are unable to respond to Hh signaling.
Loss of hedgehog signaling permanently impairs the adult stem cell niche
When we administered tamoxifen to adult Nestin CreER/ϩ ; Smo c/c mice, we successfully removed Smo in ϳ70% of the SVZ progenitors, as assessed by genotyping neurospheres derived from these animals (Fig. 5e ). However, it seems probable that our success in removing the Smo locus from these animals was likely closer to 95%. We conclude this based on both our present and previous observation (Machold et al., 2003) that Smo Ϫ/Ϫ SVZ cells form neurospheres at consistently 15% the efficiency of wild-type SVZ cells [Machold et al. (2003) , their Fig. 8C ]. Hence, it seems likely that the remaining wild-type neurospheres are six times over represented in our cultures.
The acute reduction in proliferation observed in the SVZ of mice where Smo gene function has been removed does not improve over time. We found that neurogenesis in the SVZ of Nestin CreER/ϩ ; Smo c/c mice is significantly impaired even 10 months after the last tamoxifen injection (supplemental Figs. 3, 4 , available at www.jneurosci.org as supplemental material). Of particular interest is the observation that GFAPϩ cells are still extremely impaired in long-term Smo conditional knock-outs (supplemental Fig. 4j , available at www.jneurosci.org as supplemental material). This suggests that the few spared wild-type SVZ progenitors are incapable of producing de novo B cells (i.e., selfrenew) to repopulate the adult SVZ niche.
Previous work by Doetsch et al. (1999b) demonstrated that, after antimitotic treatment, the stem cell niche is quickly replenished. That Hh-responsive B cells are activated in this context was dramatically shown in a previous study from the Joyner laboratory (Ahn and Joyner, 2005) . They demonstrate that Hh-responsive (Gli1ϩ) quiescent neural stem cells self-renew, generate multiple cell types in vivo and respond to the AraC insult by increasing cell proliferation (Ahn and Joyner, 2005) . We wished to examine whether the removal of Hhresponsiveness in the majority of B cells compromises this process or rather if the residual wild-type B cells can react by replenishing the niche after an antimitotic insult. We challenged tamoxifen-treated Nestin CreER/ϩ ; Smo c/c and control mice with AraC. As expected, after immediate withdrawn of the drug, the SVZ of both mutant and control mice was extremely impaired, in terms of general level of proliferation and ability to generate neurospheres. Furthermore, control mice (tamoxifen-treated Smo c/c mice) that underwent AraC infusion showed a full recovery similar to a wild-type niche. In contrast, mice in which the SVZ is depleted of Smo gene function (i.e., tamoxifen-treated Nestin CreER/ϩ ; Smo c/c mice) were only able to replenish the SVZ niche to the level observed before AraC treatment (Fig. 8a-c) . Moreover, by PCR genotyping of individual neurospheres, we demonstrate that this partial recovery is predominantly performed by the spared SVZ progenitors that did not undergo complete recombination of the conditional Smo allele (Fig. 8d) . Interestingly, these data demonstrate that the few spared wild-type B cells (i.e., Smo c/c and Smo c/n ) are not able to replenish the entire SVZ after the AraC injury. This suggests that their ability to generate new SVZ B cells is limited, possibly because they are only competent to replenish B cells in their immediate vicinity. This observation is reminiscent of the previous findings that postnatal neural stem cells are a restricted and diverse population of progenitors, with different regions producing specific OB interneuron subtypes (Merkle et al., 2007 , Young et al., 2007 . Hence, the mosaic organization of progenitors within the SVZ may reflect their inherent lineage restriction. Indeed, it would be interesting to examine whether Hh signaling has a role in maintaining the entire diversity of OB interneurons generated postnatally or only specific subtypes, a possibility we are currently exploring. It remains possible that in our experiments the ability for stem cell self-renewal is compromised because of a requirement for hedgehog signaling in the niche itself (Ha et al., 2002; Aihara et al., 2004) . Hence, another possibility worth exploring is whether the failure we observe in stem cell self-renewal is a result of Smo being deleted in stromal components of the stem cell niche (e.g., nestin-positive endothelial cells). These consider- and Smo c/n ) can self-renew but are not able to make up for the entire SVZ, suggesting that they might be competent to regenerate only a small local portion of SVZ. Adapted from Doetsch et al. (1999) with permission from Alvarez-Buylla.
ations aside, our work demonstrates that self-renewal in the SVZ niche is affected by the loss of Hh signaling in vivo. This suggests a marked rethinking of the nature of the adult stem cell niche. Our findings suggest that postnatal B cells are both limited in number and in their ability to symmetrically divide to repopulate the adult niche.
